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Abstract
Additive manufacturing (AM) has become a very popular topic recently due to its many
advantages including short build cycles, convenience of customization, and most importantly the
ability to build components with complex geometry. However, the surface condition of additive
manufactured components is not always satisfactory, particularly with respect to fatigue performance. This is because the as-built surface tends to be rough and post surface treatments or processes such as machining and polishing may not be applicable to all AM parts. On the other hand,
since many components are under cyclic loading consisting of normal and shear stresses, multiaxial fatigue behavior is one of the most important aspects to evaluate. This paper evaluates the
surface roughness effect on fatigue behaviors of Ti-6Al-4V alloy samples additively manufactured
by laser based powder bed fusion method (L-PBF). Fully reversed axial, torsional, and combined
axial-torsion fatigue tests were conducted on specimens with different surface conditions and with
different post heat treatments (annealed and HIP). Fatigue life predictions were made using linear
elastic fracture mechanics with satisfactory results, as compared to experimental results.
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1. Introduction:
Additive manufacturing (AM) process uses an energy source such as electron beam or laser
to selectively melt or sinter thin raw material, layer by layer, to build components. This technology
has seen exponential growth over the last few years because of the many advantages it offers including making of net shaped complex components much easier and less costly than traditional
subtractive manufacturing. The application of AM has been greatly expanded since more and more
raw materials such as titanium, nickel, aluminum, and steel have been made available for this
technology. Among these materials, Ti-6Al-4V has been widely used because of its applications
in the aerospace and medical industries and its high corrosion resistance, high strength-to-weight
ratio, and high biocompatibility [1].
Powder bed fusion (PBF) and directed energy deposition (DED) are two major categories
of metal additive manufacturing processes [2]. In powder bed fusion systems, a component is built
by melting the spread powder, layer by layer, in a powder bed, while directed energy deposition
systems utilize blown powder or metal wire and an energy source to directly deposit the material.
Although DED systems have the advantage to build large parts without the limitation of powder
bed size, they typically produce rougher surfaces than PBF methods due to the thicker layers,
bigger hatching pitches, and larger powder size applied in the fabrication process [3]. PBF is currently the most common AM process and is the focus of this study.
Based on the energy sources used for fusion, PBF could be divided into laser based powder
bed fusion (L-PBF) and electron beam based powder bed fusion (E-PBF). The L-PBF systems
utilize a focused laser beam to melt powders on a heated build platform, while in the E-PBF systems, a focused electron beam is used under much higher temperature. In contrast to the E-PBF
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vacuum manufacturing environment, L-PBF operates under inert atmosphere such as purified argon or nitrogen which not only provides oxidation protection but also provides efficient heat conduction and component cooling [4]. Therefore, parts made by L-PBF method have higher residual
stresses and finer microstructure than those made by E-PBF method. Furthermore, E-PBF tends to
utilize bigger powder, higher scan speeds and larger scan spacing which result in relatively poor
surface quality, as compared to L-PBF. Heat diffusing from the melt pool due to the higher temperature in E-PBF method is also more likely to cause sintering of the surrounding powder on the
surface and increase the surface roughness [5]. This work is focused on the selective laser melting
(SLM), a typical L-PBF method.
Most AM components are subjected to cyclic loading in aerospace and medical applications. Therefore, fatigue behavior is regarded as one of the most essential performance indicators
for this technology. Furthermore, nearly all works on fatigue of AM materials have so far been on
uniaxial fatigue behavior. However in practical applications, the stress state at fatigue critical locations is often multiaxial due to the complex loading condition and/or component geometry.
Therefore, evaluation of multiaxial fatigue behavior has been the emphasis in this work.
It is well known that rough surface irregularity significantly decreases fatigue life due to
stress concentration effects, particularly in high cycle fatigue. Post treatments such as milling,
grinding, and micro machining may be applied to some AM components to lower the surface
roughness. However, one of the key advantages of additive manufacturing is the net shape process.
Therefore, AM components are expected to be used in the as-built condition. Parts with complex
geometry may also be difficult and costly to apply the traditional surface treatments to. Accordingly, the effect of inherent rough as-built surfaces on fatigue performance needs to be understood
to assure the reliability of AM parts in fatigue critical applications.

2

This thesis first presents a literature review on surface roughness characteristic and its effect on fatigue of AM parts. This is followed by the details of the experimental program. Fatigue
performance of rough as-built Ti-6Al-4V specimens under uniaxial and multiaxial loadings is then
presented and compared with the results for machined and polished specimens to show the fatigue
life variations due to surface roughness. Fatigue life estimation models based on linear elastic
fracture mechanics are then used by treating surface roughness as a defect. The life estimation
results are compared with experiment results, including analysis of model sensitivity to input parameters. Finally, some fatigue data from literatures are applied to the fatigue life model to further
evaluate its validity.
2. Literature Review
2.1.

Surface Characteristic of AM Metals
Surface topography of additive manufactured metals has been examined using different

technologies. A 2D surface roughness profilometer is the most commonly used tool for roughness
measurements of AM components due to its convenience and reliability. The common surface
roughness parameters such as arithmetic mean height, Ra, maximum valley depth, Rv, and maximum height of profile, Rz, as illustrated in Figure 1 are straightforward to measure and often used
for comparisons. However, a 2D surface roughness profiler contact stylus may miss the extreme
points on the surface by testing data linearly and exclude topography information, such as the
difference between a pit and a scratch. To avoid this shortcoming, Mower et al. [6] introduced 3D
roughness parameters (S parameters) to AM specimens where a small area on the target surface is
tested, instead of a line in the 2D profile topography measurement. This method could test the
highest and lowest points on the surface more accurately due to the enlarging of the sample pool.
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Scanning electron microscopes (SEM) are also widely used to evaluate surface conditions.
Based on SEM results of as-built AM specimens, Greitemeier et al. [7] categorized the surface
roughness into two kinds: the primary roughness resulting from solidification of the melt pool and
the secondary roughness resulting from partly melted powder. The partly melted particles have
been known as the main reason for high surface roughness of as-built AM artifacts. Volumetric
measurements such as 3D computed tomography (CT) technique have also been applied with ability to detect the overhanging and surface defects [8]. This method has been especially used for
porous structures as a non-destructive method to measure the internal surface roughness [9]. More
details about different surface textures for AM components can be found in [10]. In this work, a
2D surface roughness profiler and SEM were applied for the analysis of surface conditions.
Much work has been devoted to the study of the influence of different AM build process
parameters on surface finish using the aforementioned techniques, for example in [11-16]. Surface
roughness has been found to vary based on the build direction and the surface angle with respect
to the build plate. Specimens built in 45° direction show higher roughness than vertically built
specimens. Furthermore, as the build inclination angle of the substrate increases from 0° to 5° the
surface becomes rougher, but surface roughness is nearly the same from 5° to 45° and decreases
from 45° to 90° [11]. For inclined surfaces, the upward facing surface typically has lower roughness than the downward facing surface (facing the build substrate) [12].
Besides the build direction, the fabrication method also influences surface roughness. As
mentioned earlier, among PBF methods, samples made by selective laser melting (SLM) have been
found to have better surface finish than those made by electron beam melting (EBM), mainly because of the larger particle sizes and thicker layers used in the EBM method [13, 14]. Spierings
[15] evaluated the effect of powder size distribution on scan surface quality of 316L SLM and
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EBM made components and found that larger amounts of fine particles that could easily be melted
are beneficial for better surface quality. Chan et al. [16] also suggested that maximum surface
roughness values are comparable to layer thickness in AM methods. Although decreasing layer
thickness could lead to a better as-built surface, it will increase the build time required. Balance
should be found between build efficiency and surface roughness.
Energy density is another important factor that influences surface roughness condition. The
effects of melting strategy, scan rate, scan power and scan-line spacing on surface roughness have
also been studied. Generally, surface roughness decreases as the energy used for melting increases.
2.2. Common Treatments for Surface Roughness Improvement
Improvements of surface roughness could be achieved by using optimized build parameters,
as mentioned previously. Due to the direction sensitivity of surface roughness, the layout of the
component can be set so that the critical plane could be built in the direction that provides the best
surface finish. However, in many cases much smoother surfaces are required. Traditional posttreatments such as milling, grinding, vibration assisted grinding (VAG), micro machining, and
blasting [17, 18] have been applied to AM components. Average roughness Ra could be as small
as 0.3 μm to 0.9 μm after post-processing, as compared to 15 μm to 30 μm before treatment. However, due to the complex geometry of certain additive manufactured components, traditional surface treatments may not be applicable to all the surfaces.
Chemical treatment by sinking artifacts in acid-based chemical solutions which etches
away the thin connecting parts of loosely connected partials to the surface has also been used as a
surface quality control method, especially for porous medical AM components [19, 20], and could
improve surface roughness significantly [21]. Another technique, ultrasonic cavitation abrasive
finishing, has been shown to improve Ra values of as-built Inconel 625 side surfaces by up to 45%
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after 30 min of processing [22]. Abrasive flow machining and vibratory polishing have also been
applied to SLM specimens after shot penning. Shot penning has been found to reduce surface
roughness of AM parts and introduce compressive residual stresses. The vibratory polishing processes lead to a further increase of compressive residual stresses which is favorable in terms of
fatigue behavior [23].
2.3. Effect of Surface Roughness on Fatigue Behavior
Effect of surface roughness on uniaxial fatigue properties of additive manufactured specimens has been investigated in numerous publications. Fatigue behavior of specimens with as-built
and post-treated surfaces and as a function of other influence factors such as build orientation and
heat treatment has been studied. Surface roughness has been found to be the most severe factor in
fatigue life reduction of as-built specimens [24]. Fatigue test results of SLM Alloy 718 specimens
built in Z and 45° directions with low stress ground and as-built surfaces demonstrated that
grounded specimens had significant improvement in fatigue performance regardless of build orientation and internal defects [25]. With the same surface finish, specimens built in 45° also showed
lower fatigue limit than vertically built specimens due to higher surface roughness. Similar results
were found in [26] for Ti-6Al-4V alloy where the as-built surface samples showed drastic decrement of fatigue limit compared to polished samples, but the layer orientation (build direction) had
no obvious influence on fatigue performance.
Although most works show improved fatigue behavior for machined and polished specimens, no obvious differences of fatigue behavior were observed in high cycle fatigue SS316L and
15-5PH stainless steels in polished, machined, and as-built condition [27]. The reason given was
that spherical powder particles fused at the surface may not create sharp surface cracks and do not
act as stress concentration features. Slight improvement on fatigue limit of electro polished Ti-
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6Al-4V were reported as compared to as-built Ti-6Al-4V in [6]. Negligible surface improvement
was achieved by electro polishing due to the exposure of bulk voids after polishing. Low ductility
and numerous fabrication defects were found to be the reason for similar fatigue behaviors between
different surface finishes.
The influence of surface roughness is more prominent for hot isostaticaly pressed (HIP)
specimens than specimens that are not heat treated or annealed. Hot isostatic pressing has been
shown to eliminate the internal defects of AM parts which may be brought to the surface during
machining. Specimens that were HIPed, machined and polished, could reach the fatigue limit of
conventionally manufactured samples. Yadollahi [3] suggested more material should be removed
from surface of HIPed specimens to avoid surface defects, which can lead to more pronounced
fatigue improvement.
The effect of surface roughness on fatigue behavior has also been related to the size effect
of specimens. Pegues et al. [28] studied the effect of surface roughness and size on fatigue strength
of Ti-6Al-4V by using dog bone specimens in as-built surface condition with constant gage volume
and constant gage diameter. They found that effect of surface roughness on high cycle fatigue
strength was greater for specimens with smaller gage diameters due to the higher overestimation
of load-bearing cross section.
2.4.

Analytical Models for Surface Roughness Representation
Mathematical models for surface roughness, stress concentration factor, stress intensity

factor, and fatigue limit ratio have been developed and utilized in several works. Chan et al. [16]
investigated the fatigue behavior of EBM and SLM manufactured Ti-6Al-4V. They considered the
surface irregularity as elliptical surface micro-notch with a root radius r and notch depth d which
is assumed to be the maximum surface roughness Rt (Figure 2). The notch radius r was found to
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be 0.8 μm from SEM pictures for as-built specimens built with EBM and SLM methods. It was
much smaller than the powder size because the micro notches were usually formed by partial fusion or joining of two particles. Stress concentration factors were calculated to be 9.1 and 5.4 for
EBM and SLM respectively, based on the following equation:

𝐾𝑡 = 1 + 2√

𝑑
𝑟

(1)

High stress concentration factor suggested that fatigue crack initiation was easy for as-built specimens. Hence, fatigue crack growth mainly dominated the fatigue life. The SLM as-built surface
specimens had higher fatigue life than as-built EBM specimens which was in accordance with the
lower stress concentrate factor for SLM specimens [16].
Surface roughness effect has also been evaluated based on fatigue strength ratio between
different surface conditions. Fatigue notch factor 𝐾𝑓 for surface roughness effect was derived by
dividing the fatigue strength of machined and polished wrought specimens by the fatigue strength
of as-built surface Ti-6Al-4V specimens at 5 × 106 cycles. 𝐾𝑓 was obtained to be 2.77 for SLM
and 4.26 for EBM due to the rougher EBM surface [24]. Stoffregan et al. [29] applied a similar
method and obtained fatigue notch factor 𝐾𝑓 = 2.27 for 17-4 PH SS SLM specimens between machined and as-built surface condition at 107 cycles.
Musuo et al. [30] utilized Murakami’s defect area method to estimate the effect of defects
and surface roughness on fatigue limit (σw ) based on the effective defect size (√areaeff ) at fracture
origin and the Vickers hardness HV:
σw = 1.43(HV + 120)/ (√areaeff )1/6

(2)

The calculated effective defect sizes ( √areaeff ) for surface roughness of EBM and SLM specimens were obtained using the fatigue limit (i.e. fatigue strength at 107 cycles) from experiments.
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The effective defect sizes of surface roughness had been found to be larger than the application
range of the equation (1000 μm). Although this model was not applicable to surface roughness, it
suggested that surface roughness was more detrimental than other defects for which √areaeff size
ranged from 0-500 μm.
Greitemeier et al. [7] proposed to utilize linear fracture mechanics and an equivalent initial
flaw size (EIFS) to predict the fatigue life of HIPed SLM and EBM specimens. EIFS was first
calculated from experiments data, then was used to create a linear relation with maximum surface
roughness, Rt. Stress intensity factor was calculated assuming a semi-circular surface crack geometry (Figure 3) from Newman-Raju [31]:
𝜋𝑎
𝑎 𝑎 𝑐
𝐾 = ((𝜎𝑛 + 𝐻𝑠 𝑆𝑏 )( )0.5 ∙ 𝐹𝑠 ( , , ∅)
𝑄
𝑐 𝑡 𝑏,

(3)

where 𝜎𝑛 is the uniform tension stress, 𝐻𝑠 𝑆𝑏 is the bending correct factor, a is the crack depth, Q
is the shape factor, and 𝐹𝑠 is a function of crack length c, crack depth a, plate thickness t, width b,
and parametric angle ∅. Fatigue life was then obtained by integration using the Forman and Mettu
crack growth rate equation [32].
𝑑𝑎
𝑑𝑁

= 𝐶 ∙ 𝐹 ∙ ∆𝐾 𝑚 ∙

∆𝐾𝑡ℎ 𝑝
)
∆𝐾
𝑞
𝐾
(1− 𝑚𝑎𝑥 )
𝐾𝑐

(1−

(4)

This equation has crack closure correction factor and requires the threshold stress intensity factor
and several material constants. Decent fatigue life prediction results were obtained for SLM and
EBM specimens with EIFS as 251 μm and 488 μm, respectively.
Vayssette et al. [33] tested the high cylce fatigue (HCF) behavior of HIPed SLM Ti-6Al4V specimens in machined and as-built surface conditions. Surface texture was examined using
3D optical microscope profilometer. The result of meshed volume profile from surface scan was
analyzed using a finite element code. The fatigue limit was obtained by extreme value statistics of
9

an average equivalent stress within a certain material volume. The analysis showed good predictions in HCF region where the elastic deformation assumption is more accurate.
Yadollahi et al. [34] used fatigue crack growth code FASTRAN to calculate fatigue life
based on estimated initial flaw size (EIFS) and fracture mechanics properties of HIPed Inconel
718. Maximum roughness profile valley depths (Rv) was used to calculate the average value of
fatigue life instead of maximum profile height (Rt). It was suggested that partially melted powders
on the surface did not influence the fatigue behavior, hence, only the valley part of surface roughness profile should be considered. The upper bound was calculated based on average of all valley
depth values. The prediction based on the sum of maximum valley depth and EIFS of grounded
specimens was considered as lower bond to take account of the possibility of a defect underneath
surface roughness crack. Predictions showed better fitting in HCF while they were conservative in
low cycle fatigue (LCF), similar to in [33]. It was suggested considering possible multiple crack
initiation sites and different crack initiation mechanisms under different stresses may change the
crack growth rate.
From the literatures, the rough surface of as-built additive manufactured metal has been
found to have a detrimental effect on fatigue limit as well as fatigue life. Some fatigue life prediction models were used in literatures to predict the cycles specimens survival under axial loading.
However, the knowledge about how the surface roughness effect under multiaxial fatigue behavior
was still limited. The effect of rough surface on fatigue behavior as well as the fatigue life prediction model under multiaxial loading for as-built specimens will be discussed in the following chapters.
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3. Experimental Program
Tubular Ti-6Al-4V alloy specimens were manufactured by laser powder bed fusion (LPBF), selective laser melting (SLM) specifically. The geometries of specimens were designed
based on ASTM Standard E2207 with a thin wall thickness of 1.25 mm to minimize the influence
of through-thickness stress or strain gradient for torsion and axial-torsion tests [35]. The detailed
dimensions of specimen geometry are shown in Figure 4. For specimens with as-built surface, the
dimensions were set to be the same as the base dimension during the fabrication process. Machined
and polished specimens were built larger to allow for the material lost in the following machining
process. More information about AM specimens dimensions before machining is provided in [36].
The Ti-6Al-4V specimens were made with Renishaw AM 250 and a grade 23 Ti-6Al-4V
powder with a particle size ranging from 15 μm to 45 μm. All fatigue specimens were fabricated
vertically with a 400 W laser at a scanning speed of 1000 mm/s and layer thickness of 50 µm. The
build platform was preheated to 170 ºC in the whole process with argon atmosphere intact. The
build parameters are summarized in Table 1. Additional specimens were built in 45 degree with
respect to the build platform to study the effect of build orientation on surface roughness. In order
to eliminate the influence of detrimental residual stresses that is typically inevitable in the AM
build process, different heat treatments were used after fabrication. A group of specimens was
annealed at 700 °C for 1 hour in Argon atmosphere, followed by air-cooling to room temperature.
Annealing has been found to increase fatigue crack growth threshold, reduce residual stresses, and
increase fatigue strength [37]. However, annealing does not change the internal defects features of
AM specimens. In order to compare the effect of internal defects and surface defects on fatigue
behavior, HIPing was applied to some of specimens at 920°C and 100 MPa pressure for 3 hours.
This treatment reduces the residual stresses, shrinks the size and reduces the number of internal
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defects such as pores caused by entrapped gas and lack-of-fusion voids caused by partly melted
particles.
Two types of surface conditions were considered for Ti-6Al-4V: specimens in as-built surface condition but slightly sand-papered to remove any lose powder from the surface, and machined and polished condition to obtain a smooth surface finish with an average surface roughness
Ra of about 0.10 µm. A surface roughness profiler was used to measure the surface roughness
values for each condition. The arithmetical mean height, Ra, maximum valley depth, Rv, and maximum height of profile, Rz, were obtained by scanning 17.5 mm length on the outer gage section
of specimen along the longitudinal direction (Z direction). The illustration of surface roughness
parameters is shown in Figure 1. All tested specimens were measured five times at different places
to ensure the accuracy. The measurement results are listed in Table 2, while surface profiles of
different surface conditions are shown in Figure 5.
Fully reversed (𝑅 = −1) fatigue experiments were conducted using closed-loop hydraulic
axial-torsion load frame at a frequency ranging from 0.25-12 Hz. Axial, torsion, and in-phase axial-torsion fatigue tests were conducted for annealed and HIPed Ti-6Al-4V specimens in as-built
and machined and polished surface condition. For in-phase axial-torsion fatigue tests, the maximum and minimum axial and tensile stress occurs at the same time. The fatigue tests were under
load/torque control mode with stress ratio for multiaxial tests as 𝜏/𝜎 = √3/3. Tests continued
until fracture occurred. Specimens with fatigue life over 106 were considered as run-outs. Detailed
loading condition and fatigue life are provided in [35, 37].
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4. Experimental Results and Discussion
4.1. Surface Morphology
Figure 6 presents a SEM picture of fracture surface of as-built Ti-6Al-4V. It can be observed that numerous partly melted particles are attached to the outer and inner surfaces of the asbuilt surface specimen and could be considered as the main cause of high surface roughness. High
waviness of surface contour which could be attributed to the inhomogeneous melt pool resulting
from splashes [39] can also be observed on Figure 6. The bonded partly melted particles and surface waviness were removed by the machining process. Machining reduced the average surface
roughness to about 3 µm while further polishing lowered the value to 0.12 µm, as compared to
11.92 µm for the as-built specimen condition. As shown in Table 2, all the measured surface
roughness parameters (Ra, Rv, and Rz) were improved by polishing, which can also be observed
from the representative surface profiles of as-built, machined and polished surfaces shown in Figure 5.
The surface roughness of specimens built in 45° orientation were tested on the upward and
downward facing surfaces separately. The inclined specimen showed somewhat rougher as-built
surface compared with vertically built specimens, as observed from Table 2. The upward facing
surface at the highest line also showed about 20% lower roughness value than the downward facing
surface at the lowest line of 45° specimens. The higher surface roughness for inclined specimens
is attributed to the stair-step effect of layer by layer fabrication process which is more obvious on
the downward facing surfaces due to the additional influence from laser powder, beside the build
orientation and layer thickness [11]. Similar observations have been made in other works such as
[12, 38].
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The surface roughness parameters of HIPed specimens built in the vertical direction are
also provided in Table 2. Statistical analysis of the surface roughness results of HIPed and annealed
specimens in as-built surface condition could be found in Table 3. It is noticed that the HIPed
specimens have very similar arithmetical mean height, Ra, value and maximum height of profile,
Rz, value to those for the annealed specimens while have a 16% lower maximum valley depth, Rv.
This may because that some of the partly melted particles at the valley were remelted under to the
high temperature and pressure during the HIP process and reduced the valley depth. The standard
deviation of HIPed specimens are also smaller compared with annealed one which may demonstrate a more stable surface status. However, the smaller sample size of HIPed specimens may also
lead to smaller standard deviation.
4.2. Effect of Surface Roughness on Fatigue Performance
The fully reversed (𝑅 = −1) axial, torsion and in-phase axial-torsion fatigue test results of
Ti-6Al-4V with as-built as well as machined and polished surface are presented in Figure 7. Cracks
propagated horizontally under axial loading, in ± 45° direction under torsion loading and in 155°
direction under in-phase axial-torsion loading as shown in Figure 8, all corresponding to the maximum principal planes. From Figure 7, it could be found that under all loading modes, improvement of the surface roughness by machining and polishing promotes fatigue life by an average
factor of about four. The fracture surface presented in Figure 9 for annealed specimen with asbuild surface clearly shows the crack initiated from rough surface due to the stress concentration
effect.
The S-N data and best fit lines of annealed as well as HIPed Ti-6Al-4V in as-built surface
condition are presented in Figure 10. It can be noticed that for Ti-6Al-4V annealed condition the

14

torsional specimens have better fatigue performance, followed by in-phase (IP) axial-torsion specimens, while axial specimens have the shortest fatigue life under the same equivalent stress level.
This is also true for HIPed Ti-6Al-4V specimens where in-phase axial-torsion specimens had
slightly shorter fatigue life than torsion tests. The fatigue life difference can be explained by the
stress gradient of torsional loading, where the stress is 19.7% higher on the outer surface than
internal surface, while axial loading has the maximum stress on the whole cross-section, including
internal tubular specimen surface.
The stress gradient is evidenced by the crack initiation sites under different loadings. Torsional specimens had all the cracks initiated from the outer specimen surface where the highest
stress exists, while axial and in-phase axial-torsion specimens had random crack initiation sites
from both the outer and inner surfaces. Although maximum stress is on the outer surface of inphase axial-torsion specimens, the stress gradient between outer and inner surfaces is small.
Comparison of the annealed and HIPed test results for the as-built surface condition in
Figure 10 show some improvement in fatigue behavior by HIP process. This could be attribute to
the reduction of internal defects and the decrease of maximum valley depth of the surface profile.
However, the improvement of surface roughness condition by HIP is very limited. The fracture
surface of HIPed specimen showed clear crack initiation from micro notch on surface in Figure 11.
The elimination of internal pores has restricted influence with the present of surface defects. If
machining and polishing is considered, the HIP process should be applied before such surface
finishing so that the surface after machining does not contain surface defects. Although HIPing
has limited effect on fatigue behavior of as-built surface condition, the machined and polished
HIPed specimens have demonstrated fatigue strength comparable to that of the wrought specimens
[36].
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5. Fracture Mechanics Modeling of Surface Roughness Effect
5.1. Mode Ⅰ Stress Intensity Factor
As mentioned previously, surface roughness has shown a strong correlation to fatigue behavior and has been used to predict fatigue life, for example in [7, 33] and fatigue limit, for example in [33]. Surface roughness has been considered as micro-notch with stress concentration at the
deep point which leads to premature crack initiation and decrement of fatigue behavior.
Two stress intensity factor (SIF) calculation methods for surface roughness of additive
manufactured parts have generally been used. The first methodology treats the surface roughness
as surface crack with the total crack depth as the sum of maximum surface valley, Rv, and defect
induced crack length, a0. The spherical powder particles fused on the surface of as-built AM specimens do not carry load or act as stress concentration features [40]. Therefore only the valley part
of the surface profile was considered as cracks as in [23, 33]. The Rv value was chosen as the
maximum value shown in Table 3 to represent the worst surface condition. The defect depended
initial crack length a0 can be set as zero at the beginning to simplify the model such as in [16]. By
assuming a semi-circular surface crack geometry for crack with length smaller than the thickness
t of tubular specimen at the gage section, the stress intensity factor can be written as:
(5)

𝐾 = 𝛼𝜎√𝜋(𝑅𝑣 + 𝑎)

where the SIF correction factor 𝛼 was extracted from [41] for external circumferential thumb nail
crack in hollow cylinders as shown in Figure 12:
𝑎
𝑎 2
𝑎 3
𝛼 = 0.725 − 0.0061 ( ) + 0.2722 ( ) − 0.0292 ( )
𝑡
𝑡
𝑡

𝑓𝑜𝑟 𝑎 < 𝑡

(6)

As crack grows through the wall of the tubular specimen, the crack is then assumed to be a center
through-thickness crack [42] with the SIF correction factor 𝛼 as:
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1

𝜋𝑎 2
𝜎 = [sec ( )]
𝑤

(7)

𝑓𝑜𝑟 𝑡 < 𝑎 < 𝑎𝑐

where 𝑤 is taken as the mid-thickness perimeters of the tubular specimen. However, it should be
noticed that the estimated fatigue life for the through-thickness crack is less than 1% of total estimated fatigue life due to the fast crack growth rate. The crack geometry change does not have an
obvious influence on the model.
The second methodology is based on the crack area. Murakami’s defect area method considers the various shapes of cracks by defining geometrical parameter of crack √𝑎𝑟𝑒𝑎 as the projection of a crack on the plane perpendicular to maximum tensile stress [43]. Stress intensity factor based on square root of area of a crack is then given by:
𝐾Ⅰ = 0.65𝜎 √𝜋(√𝑎𝑟𝑒𝑎)

(8)

In this method, an equivalent defect size √𝑎𝑟𝑒𝑎𝑅 for artificial roughness is used, where surface
roughness is assumed to be equivalent to periodic notches with notch depth a and notch pitch 2b.
For a constant notch pitch 2b, the equivalent defect size √𝑎𝑟𝑒𝑎𝑅 increases as notch depth a increases until a/2b reaches to 0.195. Then √𝑎𝑟𝑒𝑎𝑅 stays nearly constant, therefore:
𝑎
𝑎 2
𝑎 3
√𝑎𝑟𝑒𝑎𝑅
≅ 2.97 ( ) − 3.51 ( ) − 9.74 ( )
2𝑏
2𝑏
2𝑏
2𝑏
√𝑎𝑟𝑒𝑎𝑅
≅ 0.38
2𝑏

𝑓𝑜𝑟

𝑓𝑜𝑟

𝑎
> 0.195
2𝑏

𝑎
< 0.195
2𝑏

(9)

(10)

The crack depth 𝑎 and crack pitch 2𝑏 are extracted from surface roughness profile of asbuilt Ti-6Al-4V, as shown in Figure 5. Notch pitch 2b for the as-built Ti-6Al-4V was determined
to be 666 μm. Notch depth a was set to be equal to the maximum valley depth of surface, Rv. The
√𝑎𝑟𝑒𝑎R value calculated using the defect area method (Eq. 9) was 116 μm for annealed specimens and 98 μm for HIPed specimens which are larger by a factor of 2.8 than the Rv values in Eq.
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5. This resulted in a more conservative fatigue life prediction from this model than the roughness
model (Eq. 5) at the same stress level.
5.2. Fatigue Life Estimation
Fatigue life estimation was performed based on linear elastic fracture mechanics (LEFM).
The annealed Ti-6Al-4V had no plastic deformation due to the brittle martensitic microstructure
[38]. Calculations were performed to assure the LEFM assumption of small plastic zone size at the
crack tip was satisfied. The linear steady crack growth rate region can then be represented by the
Paris equation as [44]:
𝑑𝑎
= 𝐴(∆𝐾Ⅰ )𝑛
𝑑𝑁

(11)

where A and n are the intercept and the slope of the line. By integration, fatigue life can then be
estimated from:
𝑎𝑐

𝑁𝑓 = ∫
𝑅𝑣

𝑑(𝑎)
𝐴(∆𝐾)𝑛

(12)

where the initial crack length was set to be equal to the maximum valley depth of the profile, Rv.
Considering the difficulty of measuring defect size non-destructively as well as the focus of this
topic on surface roughness effect, the defect dependent crack size a0 was set to be zero. From
experiment results, the critical crack length was ranging from 3 to 7 mm, depending on the stress
level. However, the final crack length does not have a significant influence on the prediction result.
The final crack length was set as 5 mm for all stress level which corresponding a fracture toughness
𝐾Ⅰ𝐶 ranging from 13 to 42 MPa√m. The value is close to the fracture toughness of AM Ti-6Al-4V
in the range of 15 to 50 MPa√m mentioned in [45]. A shorter crack length prior to fracture of AM
material is due to the lower fracture toughness as compared to the wrought material with fracture
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toughness ranging from 85 to 123 MPa√m [38]. Sensitivity of results to the final crack length
assumption is discussed in section 5.3.
Fatigue crack growth (FCG) rate test conducted by Benedetti et al., [40] for annealed SLM
Ti-6Al-4V specimens under fully reversed fatigue loading (𝑅 = −1) as shown in Figure 13 was
analyzed in this work for Paris equation parameters A and n. Small crack propagation and steady
crack propagation process with relatively low stress intensity factors dominates the major part of
fatigue life. Hence, Paris equation parameters have been extracted from fatigue crack growth rate
data with stress intensity factor ranging from threshold (4 MPa√m ) to 12 MPa√m. The material
constants A and n for annealed specimens were found to be 1.24 × 10−12 m/cycle and 4.48 based
on Eq. 11.
Although, to the best of the authors knowledge, no Fatigue crack growth (FCG) data was
available for HIPed Ti-6Al-4V under 𝑅 = −1, the FCG rate test results of HIPed and annealed
SLM Ti-6Al-4V under stress ratio 𝑅 = 0.1 were well studied [1, 34, 43–45] and were found to be
close to each other as discussed in [37]. It is reasonable to expect similar fatigue crack growth
behavior of HIPed and annealed Ti-6Al-4V under fully reversed fatigue loading. Therefore, the
same set of fatigue crack growth data has been used for fatigue life prediction of HIPed specimen.
It should be noted that the standard fatigue crack growth tests result is for long cracks while
short cracks tends to have higher near threshold fatigue crack growth rate and lower threshold than
long cracks. Kitagawa-Takahashi method in which the equations for long crack threshold and the
fatigue limit are set to equal to each other was used to calculate the small crack size [48]:
𝑎𝑠𝑚𝑎𝑙𝑙 ≈

1 ∆𝐾𝑡ℎ 2
(
)
𝜋 ∆𝑆𝑓

(13)
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where ∆𝑆𝑓 is the fatigue limit range taken as 200 MPa from the fatigue test results and the threshold stress was taken as 4 MPa√m for annealed Ti-6Al-4V. The small crack size is then calculated
to be 127 μm, which is larger than the initial crack length 𝑅𝑣 = 44 μm. This suggests that small
crack growth is involved in the crack growth process. Therefore, lower threshold value and faster
crack growth rate at near threshold region under the same stress intensity factor range than long
crack growth should be expected.
5.3. Model Estimation Comparisons with Experimental Results
Figure 14 shows the prediction results for as-built Ti-6Al-4V specimens using 𝑅𝑣 =
44 μm, HIPed specimens using 𝑅𝑣 = 44 μm in Eq. 12. The initial crack length and critical crack
length are set to be 𝑎0 = 0, and 𝑎𝑐 = 5 mm seperately. As can be seen, the predictions are satisfactory since almost all the data are included in a scatter bands by a factor of three. Furthermore,
most of annealed experiments data points fall into the range between the lower bound and the
prediction line. The non-conservative predictions may result from the expedited crack growth rate
resulting from multiple crack interactions on the rough surface, as well as interaction of cracks
with large internal defects like half melted particles. The assumption of initial defect size 𝑎0 = 0
in the model may also miss extreme points considering the possible existence of joint surface
roughness and near surface defects. Another reason for the non-conservative predictions may be
due to the limited ability of surface profiler to detect the actual deepest valley of the surface profile.
The worst condition could be missed or unable to reach in the measuring process using 2D surface
roughness profile.
Crack paths of Ti-6Al-4V specimens with as-built surface at low stress levels were observed to be on the maximum tensile planes which is perpendicular to the applied load direction
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for axial loading, at ±45 degree and 155 degree to the specimen axis for torsion loading and combined axial-torsion loading separately as shown in Figure 15. The model assumed the same crack
growth rate for different loading conditions. However, different fatigue crack growth rates have
been reported for axial, torsion and combined axial-torsion loading in [49, 50] where it was
showed that at the same stress level, the mode-I crack growth rate under torsion loading is faster
than under axial loading due to the compressive tangential stress acting on the crack plane in
torsion. The author would expect more accurate prediction if the fatigue crack growth data for
multiaxial loading was available.
The fracture mechanism can also change based on the stress level. Crack paths under high
torsional loading were mostly found to coincide with the maximum shear planes. This indicates
that cracks initiate under mode-II, the shear mode, in low cycle fatigue (LCF). Branching of cracks
from maximum shear planes to maximum principal planes as cracks grew were observed for machined surface Ti-6Al-4V in [38]. As the stress level decreases, crack growth was gradually dominated by tensile-mode (mode-I). The crack length on maximum shear planes becomes shorter
with decreasing stress level until the cracks initiate and grow on maximum tensile planes.
The model sensitivities to variations in input values are presented in
Figure 16. The influence of maximum valley depth of profile Rv of 30, 50, 70, and 100 μm
as well as initial defect-related crack length ai of 0, 100, and 200 μm on prediction results are
shown. From the model, the change of final crack length by a factor of two, from 5 mm to 10 mm,
leads to only of 1.1% change in the predicted fatigue life. Therefore, the final crack length does
not significantly influence the prediction, which is expected because very limit portion of fatigue
life is involved in the fast crack growth period [48]. On the other hand, by decreasing the maximum valley depth of surface profile, Rv, or initial defect size, a0, by a factor of two, the prediction
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result is observed to increase by a factor of 1.5. Surface roughness and initial defect size have
more obvious influence on the predictions than the final crack length because the initial crack
length plays a much more important role in fatigue life than critical crack length. Figure 17 presents the fatigue life predictions of annealed and HIPed specimens with different set of A and n
which were derived from the 95% confidence boundaries of the fatigue crack growth rate regression in Paris regime. It could be observed that the Paris equation parameters have obvious influence on fatigue life perdition. More accurate FCG properties could be obtained in the future to
increase the accuracy of fatigue life model.
Fatigue life was also estimated for Ti-6Al-4V with as-built surface using stress intensity
factor calculated from Murakami’s defect area method (Eq. 8). The prediction results are shown
in Figure 18 and are more conservative than the experiment fatigue data. The square root of equivalent defect area for surface roughness is about 2.8 times larger than the maximum valley depth
of surface profile, hence larger initial crack length is applied in Murakami method. The √𝑎𝑟𝑒𝑎𝑅
value could be overestimated under the assumption of dealing surface roughness as period surface
crack with a depth of Rv since the cracks are randomly distributed and most of crack depths in
surface roughness are smaller than the maximum valley depth of the profile, Rv [50].
Axial fatigue test data and the corresponding surface roughness of HIPed Ti-6Al-4V manufactured by EBM in as-built surface condition were also extracted from literature [23, 32] to
evaluate applicability of the fatigue life prediction model. The Paris equation parameters A and n
of EBM manufactured Ti-6Al-4V shown in Table 4 were extracted from upper and lower bounds
of linear Paris regime from FCG data for EBM Ti-6Al-4V obtained at 𝑅 = 0.1. By applying the
maximum profile valley depth of Rv = 92 µm and 81 μm for [23] and [32], respectively, similar
life predictions were obtained due to small difference between surface roughness values as shown
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in Figure 19. However, while the predictions were reasonable for data in [24], fatigue lives were
overestimated for the data in [33].
From the fracture surfaces of both work as shown in Figure 20, large surface defects could
be observed in the specimen of Vayssettea [33] which resulted in the over optimistic result. Figure
21(b) shows the representative fracture surface in [24] where no large surface defect was observed
but the periodic small surface defects from surface roughness as shown in Figure 20(c). After
taken the square root of defect area as circled in Figure 20(a) as the initial defect depended crack
length ao, more accurate prediction result could be obtained for [32] as shown in Figure 21. This
is expected since fatigue failure is a local phenomenon. Large surface and sub surface defects that
are localized and apparently appeared to be larger than the scale of surface roughness could greatly
increase the local stress level, cause premature of cracks and decrease fatigue life. The prediction
model works well for specimens without large surface defects. However, with presence of large
surface or near surface defects, defect size needs to be considered for accurate fatigue life prediction.
6. Recommendations
Statistical analysis was not conducted in current work due to limitation of data. However,
more multiaxial fatigue data with different surface roughness conditions could be conducted in the
future and show the correlation between surface roughness and fatigue life mathematically.
The fatigue life prediction model could be enhanced by using the accurate crack growth
rate. The fatigue crack growth rate of Ti-6Al-4V with different heat treatments under different load
ratio and loading mode would be valuable. Small crack growth rate near threshold could be further
modified for better predication result.
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This model should also be able to predict the maximum surface roughness tolerance for a
given defect-free sample under certain loading and life expectation. The linear elastic fracture mechanics assumption should be checked first. Under the same stress level, samples subjected to axial
loading should have smother surface compared as samples subjected to axial and axial-torsion
loading to achieve the same expected fatigue life.
7. Conclusions
The effect of surface roughness on fatigue behavior of additively manufactured Ti-6Al-4V
alloy was studied under fully reversed axial, torsion, and in-phase axial-torsion loading conditions.
Fatigue life predictions based on linear elastic fracture mechanics were made. Based on the analysis presented the following conclusions can be made:
1. Improvement on fatigue life by about a factor of four under all loading conditions could
be achieved for annealed Ti-6Al-4V after removing surface roughness and surface defects due to
the reduced stress concentration effect. However, the improvement by surface machining was limited as compared to specimens built with traditional methods due to the existence of near surface
defects which remain after machining.
2. Under the same stress level, axial specimens showed the lowest fatigue life, followed
by axial-torsion loading, and then torsion loading. The stress gradient in torsion resulted in crack
initiation only from the outer surface while axial specimens had more possible crack initiation sites
from both inside and outside rough surfaces.
3. Comparison of annealed and HIPed test results for the as-built surface condition indicate
some improvement in fatigue performance due to the reduction of the internal defects and slightly
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lower maximum valley depth introduced by HIP process. However, the improvement is not significant which indicatesthat surface roughness and defects are more detrimental to fatigue behavior
than internal defects.
4. A fracture mechanics-based life prediction model using maximum valley depth of surface roughness profile, Rv, as the crack length provided reasonable results for Ti-6Al-4V specimens under uniaxial and multiaxial loading. The experimental data were correlated within scatter
bands of ±3.
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Table 1. Key process parameters used for L-PBF deposition of Ti-6Al-4V samples
Laser Power
(W)
400

Scanning
Speed (mm/s)
1000

Layer Thickness (μm)
50

Hatching
Pitch (μm)
160

Hatch
Rotation (°)
67

Table 2. Surface roughness values for L-PBF made Ti-6Al-4V with different surface conditions,
heat treatments, and build directions. Parameters were measured on the gage section in longitudinal direction and repeated for 5 times.
Surface Condition
As-built
As-built
As-built
As-built
Machined and Polished

Heat
Treatment
Annealed
Annealed
Annealed
HIPed
Annealed

Build
Direction
V
45 up-facing
45 down-facing
V
V

Ra (μm)

Rz (μm)

Rv (μm)

11.9
13.5
15.8
11.7
0.12

69.8
67.8
77.9
70.4
0.76

37.4
28.5
34.3
31.5
1.08

Table 3. Surface roughness values for Ti-6Al-4V in as-built surface condition. Ten annealed samples and four HIPed samples were tested separately. Parameters were measured on the gage section
in longitudinal direction and repeated for 5 times at different locations for each sample.
Heat
Treatment
Annealed
(n=10)
HIPed
(n=4)

Surface
Parameter
Ra
Rv
Rz
Ra
Rv
Rz

MEAN
11.9
37.4
69.8
11.7
31.5
70.4

Standard
Deviation(SD)
1.5
3.9
5.9
0.7
2.3
3.5
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Maximum
Value
14.8
43.8
78.2
13.2
34.1
74.5

Table 4 Paris equation parameters for Ti-6Al-4V manufactured using SLM in annealed condition
and the upper and lower bond for specimens built with EBM methods regardless of heat treatments.
Building
Method

Heat
treatment

A
(m/cycle)

n

SLM
[40]

Annealed

1.24 X 10-12
[8.01 X 10-13, 1.91 X 10-12]

4.48 [4.23, 4.73]

EBM

All conditions

7.36 X 10-13
1.49 X 10-13

4.64
4.64
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Upper bound
Lower bound

Figure 1 Illustration of arithmetical mean height Ra, maximum valley depth Rv and maximum
height of roughness profile Rz.

Figure 2 Elliptical surface micro-notch with a root radius r and notch depth d.
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Figure 3 Semi-circular surface crack geometry.
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Figure 4 Thin wall tube specimen configuration. Specimen in as-built surface condition were
fabricated based on final dimension. Machined and polished surface specimens were fabricated
with wall thickness of 3 mm and achieved final dimension by machining. Dimensions shown are
in mm.

34

Figure 5 Surface roughness profile of Ti-6Al-4V in (a) as-built surface condition, (b) machined
and polished surface condition.
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Figure 6 SEM of fracture surface for Ti-6Al-4V in as-built surface. Partly melted particles and
high waviness of surface contour that can be observed.
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Figure 7 Fatigue test results for annealed Ti-6Al-4V in as-built surface and machined and polished surface conditions under (a) axial loading, (b) torsional loading, and (c) in-phase axial-torsion loading based on maximum principal stress. Data with open symbols were excluded due to
large defects.
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Figure 8 Typical crack growth direction for as-built specimens under (a) axial (b) torsion (c) inphase axial-torsion.
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Figure 9 Representatives of fatigue crack initiation site for annealed specimens with as-built surface. Crack initiated from the outer surface valley. Specimen was under torsion. τa = 192 MPa, Nf
= 126,721 Cycles.
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Figure 10 Axial, torsion, and in-phase axial-tension fatigue test results for as-built surface Ti6Al-4V in annealed and HIPed conditions based on maximum principal stress.

40

Figure 11 Fatigue crack initiation site for HIPed specimen with as-built surface.
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Figure 12 Circumferential thumb nail crack in hollow cylinders [41].

42

Figure 13 Fatigue crack propagation curves of annealed Ti-6Al-4V for R = - 1 [40].

43

Figure 14 Fatigue life predictions based on surface roughness parameter for as-built surface Ti6Al-4V specimens in annealed and HIPed conditions with scatter bands of ±3. Annealed: Rv = 44
μm, HIPed: Rv =34 μm.

44

Figure 15 Maximum principal plane illustration under (a) axial loading, (b) torsion loading and
(c) axial-torsion loading.
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(a)

(b)
Figure 16 LEFM fatigue life predictions of annealed TI-6Al-4V in as-built surface condition.
Model sensitivity to (a) maximum valley depth, Rv, and (b) defect size, ao. A=1.24 × 10−12 ,
n=4.48.
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Figure 17 Fatigue life predictions based on surface roughness parameter for as-built surface Ti6Al-4V specimens in annealed and HIPed conditions using lower and upper confidence bounds
of A and n.
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Figure 18 Fatigue life predictions of Ti-6Al-4V with as-built surface in annealed and HIPed conditions using Murakami’s defect area method with √𝑎𝑟𝑒𝑎𝑅 = 116 𝜇𝑚 and √𝑎𝑟𝑒𝑎𝑅 = 98 𝜇𝑚
sepetately.
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Figure 19 Fatigue life prediction results using surface roughness value only for HIPed Ti-6Al-4V
specimens built with EBM method in as-built surface condition under axial loading. Fatigue data
with stress ratio R = 0.1 and -1 come from literatures [23, 32] separately. Dash lines indicate the
scatter bands of ±3.

49

Figure 20 Fracture surfaces of HIPed as-built surface Ti-6Al-4V specimens manufactured by
EBM from different work. Specimens in [32] were observed to have large surface defect as
shown in (a). Specimens in [23] as shown in (b, c) were observed to have small periodic surface
defect (No large surface or near surface defects).
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Figure 21 Fatigue life prediction results using surface roughness and defect size for HIPed Ti6Al-4V specimens built with EBM method in as-built surface condition under axial loading. Fatigue data with stress ratio R = 0.1 and -1 come from literatures [23, 32] separately. Dash lines
indicate the scatter bands of ±3.
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Appendix A: Calculation Sample
Take annealed Ti-6Al-4V in as-built surface condition under ∆𝜎 = 400 𝑀𝑃𝑎,
𝑅𝑣 = 44 𝜇𝑚, 𝑎𝐶 = 5 𝑚𝑚, 𝑡 = 1.25 𝑚𝑚
𝐴 = 1.24 × 10−12, 𝑛 = 4.48

Part A: Maximum valley depth Rv:
∆𝐾Ⅰ = 𝛼 ∗ ∆𝜎 ∗ √𝜋(𝑅𝑡 + 𝑎)
𝑎 < 𝑡:
𝑎
𝑎 2
𝑎 3
𝛼 = 0.725 − 0.0061 ( ) + 0.2722 ( ) − 0.0292 ( )
𝑡
𝑡
𝑡
𝑁𝑓1

𝑁𝑓1 = ∫

𝑡

𝑛
𝑅𝑣 𝐴(∆𝜎)𝑛 (𝜋𝑎) 2 𝛼 𝑛

0

𝑁𝑓1 =

𝑑(𝑎)

𝑑𝑁 = ∫
1

𝑡
𝑛∫

𝑛
𝐴(∆𝜎)𝑛 (𝜋) 2 𝑅𝑣 (𝑎) 2 (0.725

𝑑(𝑎)
𝑎
𝑎 2
𝑎 3
− 0.0061 ( 𝑡 ) + 0.2722 ( 𝑡 ) − 0.0292 ( 𝑡 ) )𝑛

𝑎
𝑑(𝑎) = 0.00125𝑑 ( ) = 0.00125𝑑(𝑢)
𝑡

𝑁𝑓1 =

1

1

𝑛∫
𝑛
𝐴(∆𝜎)𝑛 (𝜋) 2 𝑅𝑣/𝑡 (0.00125𝑢) 2 (0.725

1

− 0.0061(𝑢) + 0.2722(𝑢)2 − 0.0292(𝑢)3 )𝑛

0.00125𝑑(𝑢)

∫

𝑛
0.000044/0.00125 (0.00125𝑢) 2 (0.725

𝑁𝑓1

0.00125𝑑(𝑢)

− 0.0061(𝑢) +

0.2722(𝑢)2

822806.5
5.1 ∗ 1016
=
=
= 1.12 ∗ 105
1.24 × 10−12 (∆𝜎)4.48 (𝜋)2.24 (400)4.48

𝑡 < 𝑎 < 𝑎𝑐 :
𝛼 = √𝑠𝑒𝑐 (
𝑁𝑓2 =

𝜋𝑎
) ≈1
𝑤

0.005
1
𝑑(𝑎)
∫
𝑛
−12
4.48
2.243
4.48
1.24 × 10 (∆𝜎) (𝜋)
1
0.000125 (𝑎) 2

1

= 822806.5
−

0.0292(𝑢)3 )𝑛

For ∆𝜎 = 400 𝑀𝑃𝑎,
𝑁𝑓 = 𝑁𝑓1 + 𝑁𝑓2 = 1.12 ∗ 105 + 500 = 1.13 ∗ 105

Part B: Murakami method:
From the surface roughness profiles of as-built specimen notch pitch 2b could be determined,
notch depth a is taken as maximum valley depth Rv. Equivalent defect size for roughness could
be determined.

𝑎
𝑎 2
𝑎 3
√𝑎𝑟𝑒𝑎𝑅
≅ 2.97 ( ) − 3.51 ( ) − 9.74 ( ) 𝑓𝑜𝑟 𝑎/2𝑏 < 0.195
2𝑏
2𝑏
2𝑏
2𝑏

𝑎
√𝑎𝑟𝑒𝑎𝑅
≅ 0.38 𝑓𝑜𝑟
> 0.195
2𝑏
2𝑏
𝑎

From the profile, 2𝑏 = 666 𝜇𝑚, 𝑎 = 44 𝜇𝑚, 2𝑏 = 0.067 < 0.195
√𝑎𝑟𝑒𝑎𝑅
≅ 2.97(0.067) − 3.51(0.067)2 − 9.74(0.067)3
666
√𝑎𝑟𝑒𝑎𝑅 = 116 𝜇𝑚
Fatigue life integrated with defect depend initial crack length ao = 0 μm, initial crack length
equals to √𝑎𝑟𝑒𝑎𝑅 .
𝑁𝑓

𝑁𝑓 = ∫

𝑎𝑐

0

𝑁𝑓 =

𝑑(𝑎)

𝑑𝑁 = ∫
√𝑎𝑟𝑒𝑎𝑅

1

𝐴(∆𝜎)𝑛 (𝜋(𝑎))𝑛/2 𝛼 𝑛

𝑎𝐶

∫

𝑛
𝐴(∆𝜎)𝑛 (𝜋) 2 𝛼 𝑛 √𝑎𝑟𝑒𝑎𝑅

𝑑(𝑎)
𝑛

(𝑎) 2

0.005
2
𝑑(𝑎)
𝑁𝑓 =
∫
𝑛
−12
4.48
2.243
4.48
1.24 × 10 (400) (𝜋)
0.65
0.000116 (𝑎) 2

𝑁𝑓 = 3.3 ∗ 104 cycles

2

Appendix B: Extracted Fatigue Crack Growth Rate Data
𝑑

From [40], the fatigue crack growth rate 𝑑𝑎 verses stress intensity factor range ∆𝐾 was extracted
𝑛

as follow:
∆𝐾
3.748736
3.794874
3.810321
3.88563
4.070416
3.932304
4.040198
4.151704
4.136357
4.250231
4.250994
4.470781
4.386297
4.559041
4.489988
4.667444
4.561702
4.852567
4.633938
4.892374
5.045486
5.106322
5.009266
4.933504
5.287804
5.371537
5.539396

𝑑𝑎 /𝑑𝑛
1.94E-10
2.86E-10
3.23E-10
3.79E-10
4.11E-10
4.70E-10
4.82E-10
5.44E-10
5.97E-10
6.47E-10
7.21E-10
8.24E-10
9.42E-10
9.54E-10
1.06E-09
1.17E-09
1.35E-09
1.39E-09
1.59E-09
1.81E-09
1.74E-09
2.22E-09
2.37E-09
2.67E-09
2.47E-09
2.90E-09
2.71E-09

∆𝐾
5.51731
5.626482
5.562944
5.827105
5.717375
6.128518
5.897365
6.395662
6.572472
6.324148
6.6249
6.626388
6.835301
6.914302
7.051117
7.21748
7.501556
7.676995
7.502734
7.359634
7.680098
7.91921
8.04407
8.138869
8.171083
8.266822
8.558132

3

𝑑𝑎 /𝑑𝑛
2.50E-09
2.97E-09
3.40E-09
3.54E-09
4.21E-09
4.10E-09
4.50E-09
4.62E-09
5.36E-09
5.65E-09
6.12E-09
7.00E-09
7.69E-09
7.29E-09
8.67E-09
9.52E-09
9.52E-09
9.27E-09
1.05E-08
1.07E-08
1.18E-08
1.03E-08
1.16E-08
1.26E-08
1.33E-08
1.38E-08
1.29E-08

